INTRODUCTION
Hirschsprung disease is a congenital absence of ganglions of the distal gut, causing neonatal bowel obstruction. Treatment of Hirschsprung disease consists of surgical resection of the affected aganglionic bowel segment. Despite removal of the affected aganglionic bowel segment, about 8%-30% of patients experience persistent obstructive symptoms after corrective surgery, varying from mild constipation to ileus [1] . Causes of obstructive symptoms include: (1) Mechanical obstruction, such as anastomotic stricture or adhesions; (2) Residual aganglionosis; (3) Stool-holding behavior; (4) General motility disorders of the bowel; and (5) Anal outlet obstruction [1, 2] , caused by the absence of the recto-anal inhibition reflex or anal sphincter defects [1] . When treated inadequately, persistent obstructive symptoms may result in faecal stasis that can develop into Hirschsprung-associated enterocolitis, a potential life-threatening condition that occurs in 25% to 37% of patients after surgery [3] . Therefore, it is important to achieve adequate bowel passage in patients with Hirschsprung disease.
Many patients with Hirschsprung disease use dietary adaptations, laxatives or rectal irrigation to manage bowel passage after surgery. When these conservative measures are not enough, a mechanical obstruction or residual aganglionosis needs to be ruled out, according to current consensus-based practice [1] . Current practice describes administration of intra-sphincteric botulinum toxin (BT) injections as a second step in treatment of obstructive symptoms after surgery, in order to obtain temporary relaxation of the internal anal sphincter, which subsequently improves faecal passage. We know from patients with childhood constipation and chronic anal fissures, that BT can be beneficial in treating constipation, regardless of sphincter dynamics [4] , suggesting comparable beneficial effects for patients with Hirschsprung disease. Langer was the first to introduce treatment with BT injections for patients with Hirschsprung disease in 1997, as an alternative to myotomy of the anal sphincter and to use it as a predictive tool to assess necessity of sphincter myotomy [5] . Current consensus-based practice advises administration of 60-100 units BT diluted in 1.0 mL of saline with a maximum concentration of 100 IU/mL, given circumferentially at the level of the dentate line where the internal anal sphincter is located. The guideline also states that, BT injections need to be repeated every 3-6 mo as many times as necessary upon clinical improvement, as symptoms often will improve over time and BT injections generally become unnecessary at age older than five years. Alternatively, topical application of nitroglycerin or nifedipine cream or myotomy of the internal anal sphincter may be considered as treatment for post-operative obstructive symptoms. Non-operative management however is recommended, given the risk of faecal soiling after myotomy [1] . All these recommendations however, are consensus-based and are not substantiated by empirical evidence.
A meta-analysis on different treatment strategies for obstructive symptoms showed short-term improvement after BT injections in 77% of patients and decreased to 43% of patients in the long-term [6] . However, that meta-analysis did neither draw conclusions on effects on the prevalence of enterocolitis, nor on the complication rate and adverse events after BT injections. In addition, that meta-analyses did not assess potential predictors of effectiveness. Better knowledge is clearly needed and would benefit indication for treatment with BT injections and management of expectations of patients and their parents.
The current systematic review and meta-analysis aims to provide a comprehensive overview of all empirical evidence on: (1) Effects of treatment with BT injections on obstructive symptoms after surgery for Hirschsprung disease and factors moderating this effect (type of BT used, dose, age and the presence of associated syndromes); (2) Effects of treatment with BT injections on occurrence of post-operative Hirschsprungassociated enterocolitis; and (3) Complication rate and adverse effects after BT injections in patients after surgery for Hirschsprung disease.
MATERIALS AND METHODS

Search strategy
The search strategy combined two groups of search terms and their equivalents: "Hirschsprung disease" AND "Botulinum toxin injections". The search was performed in the electronic databases PubMed, EMBASE, Web of Science and the Cochrane Database using both simple search terms and hierarchical family forms (e.g., Medical Subject Headings, Thesaurus, Emtree). The reference lists of eligible articles were also screened for additional articles. The last search was conducted in December 2018.
Study selection
A flow diagram of the study search and selection is provided in Figure 1 . A total of 193 records were identified corresponding to 92 unique articles. Two authors (DR and ZAMA) independently assessed each article for eligibility. Conflicts in the selection process were solved by either consensus or by consulting a third reviewer (JD). Studies were included in this systematic review and meta-analysis if they: (1) Contained original patient data; (2) Described patients with Hirschsprung disease with post-operative obstructive symptoms or enterocolitis; (3) Described treatment of these patients with BT injections in the internal anal sphincter; (4) Described outcomes in terms of occurrence of obstructive symptoms and/or enterocolitis at follow-up; in (5) Were published in a peer-reviewed journal; and (6) Written in the English language. In case multiple articles reported on (partly) overlapping cohorts, we in-cluded the article that had the largest sample size to maximize generalizability of the sample and statistical power of our meta-analysis. In case articles reported patients with obstructive defecation problems that consisted of patients with Hir-schsprung disease and Internal Sphincter Achalasia and data about patients with Hirschsprung disease could not be extracted separately, the study was still included and the data were extracted for the total sample. 14 studies were included in both the systematic review as in the meta-analysis [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Data extraction and synthesis
Primary outcome was effectiveness of BT injections in treating obstructive symptoms in patients after surgery for Hirschsprung disease, expressed as the proportion of patients with clinical improvement as reported in the various studies, the mean duration of improvement in months and the average number of BT needed to obtain satisfactory clinical improvement. Secondary outcomes were: (1) The proportion of patients that previously suffered from at least one episode of Hirschsprung-associated enterocolitis and were free of enterocolitis after treatment with BT injection; and (2) The proportion of patients with complications and/or adverse effects after BT injection. Primary and secondary outcome measures with the accompanying samples sizes were extracted from the included articles by two authors (DR and ZAMA) from the articles. In addition, possible confounding factors of effectiveness of BT injections in treating obstructive symptoms or Hirschsprung-associated enterocolitis (e.g., type of BT, average dose, average age at first BT injection, proportion of patients with an associated syndrome and proportion of male patients) were extracted from the articles. In case when studies reported medians, these measures were considered as the best approximation of means.
Quality assessment
The quality of the included studies was evaluated using the Newcastle-Ottowa Quality Assessment Scale (NOS) [18] . This scale assesses study quality based on: (1) Selection procedure (4 points); (2) Comparability of controls (2 points); and (3) Outcome measurement (3 points). Thus, nine points can maximally be assigned to each study. In accordance with the Agency for Healthcare Research and Quality standards, quality of studies was considered "good" (Selection 3-4 AND Comparability 1-2 AND Outcome 2-3 points), "fair" (Selection 2 AND Comparability 1-2 AND Outcome 2-3 points) or "poor" (Selection 0-1 OR Comparability 0 OR Outcome 0 points). Quality assessment was conducted by two independent reviewers (ZA and DN) and in case of conflict, resolved with consensus.
Statistical analysis
Analyses were performed using Comprehensive Meta-Analysis Software (version 3.0, Biostat) [19] . For primary and secondary outcomes, the proportion of patients with clinical improvement on obstructive symptoms and enterocolitis, or with adverse effects was calculated for each study and expressed as the event rate (ER). The individual study's effect sizes were subsequently aggregated across studies into metaanalytic effect sizes using the random model to account for heterogeneity introduced by the included range of outcome definitions, differences in follow-up duration and methods for administering BT injections. Mean duration of improvement and mean number of BT injections needed were calculated by averaging these measurements from the studies. Post-hoc analysis tested differences between the meta-analytic findings pertaining to: Outcomes assessed within one month after administration vs outcomes assessed in follow-up longer than one month. If a meta-analytic effect size was built up by a minimum of 10 individual studies' effect sizes, we explored possible moderation effects on the outcomes of: (1) Type of BT; (2) Average dose; (3) Average age at first BT injection; (4) Proportion of patients with associated syndromes; and (5) Proportion of males. Only significant univariate moderators were further analyzed using multivariate meta-regression. Furthermore, post-hoc analysis were performed to test for possible differences between the different types of BT used for the injection, by aggregating effect sizes of observations for each type of BT. Sensitivity analyses were performed by repeating analyses after excluding studies that consisted of both patients with Hirschsprung disease and internal sphincter achalasia. ERs significantly higher than 0.50 are suggestive to be found not by chance and were arbitrarily considered to be clinically relevant. Heterogeneity was interpreted as small (I 2 ≤ 0.25), medium (I 2 = 0.25-0.50) or strong (I 2 ≥ 0.50), according to Higgins et al [20] . The possibility of publication bias was assessed by calculating Funnel plot asymmetry expressed as the Eggers regression intercept t [21] , fail-safe n (fail-safe n values > 5 k+10 where considered robust) [22] and by calculating the moderating effect of samples sizes on effect sizes. A P value of 0.05 was considered statistically significant.
RESULTS
Characteristics of included studies
In this systematic review and meta-analysis, 14 studies (representing 278 patients) met eligibility criteria and were included. Table 1 describes study characteristics of included studies. Length of follow-up after BT injections ranged from 6 to 126 mo. Dysport ® (used in 4 of 14 studies) was administered with an average dose of 200 IU per procedure, whereas Botox ® (used in 6 of 14 studies) was administered with an average mean dose of 95 IU per procedure, ranging from 60 to 120 IU per procedure. In the other four studies no details on the type of BT was provided. Ultrasonography was used to identify the internal anal sphincter in two studies, whereas in six studies palpation was used. The six other studies did not elaborate on their methods of identifying the internal anal sphincter. Mean age at administration of first BT injection was 4.5 years (SD 1.0 years). Proportion of patients with an associated syndrome was reported in seven studies and was on average 16% (ranging from 0-33%). The proportion of males in the included studies was on average 71% (SD 10%).
Improvement of obstructive symptoms
Primary outcome was reported in all 14 studies including 278 patients. Figure 2A shows a forest plot of the proportion of patients showing overall clinical improvement in each study and the aggregated ER of improvement of obstructive symptoms. Two of the 14 studies showed significant improvement of obstructive symptoms. The other 12 studies found no significant effect of treatment with BT injections. Meta-analytic aggregation of the effect sizes of all 14 studies showed significant effectiveness of BT injections, with improvement of obstructive symptoms in on average 66% of the patients [ER = 0.66, P = 0.004; 95% confidence interval (CI): 0.55-0.75, I 2 = 49.5%] ( Table 2 ). There was a significant higher response rate within one month after BT injections (ER = 0.79, P < 0.001; 95%CI: 0.71-0.85, I 2 = 24.4%, n = 201 patients), compared to more than one month after BT injections (ER = 0.46, P = 0.50; 95%CI 0.34-0.58, I 2 = 61.8%, n = 241 patients) (Q = 19.37, P < 0.001). None of the tested moderators had a significant predictive value for the magnitude of studies' effect sizes in univariate analysis (i.e., mean dose, n = 228, P = 0.28; mean age at first BT injections, n = 184, P = 0.81; proportion of patients with an associated syndrome, n = 160, P = 0.10; sex of patients, n = 201, P = 0.94). Subgroup comparison showed no significant differences in improvement of obstructive symptoms after administration of Botox 
Improvement of enterocolitis
In the meta-analysis effectiveness of BT injections in treating enterocolitis three studies representing 52 patients were included. Figure 2B shows that none of the three studies showed significant effectiveness of BT injections. Meta-analytic aggregation of the effect sizes of all three studies showed non-significant effectiveness of BT injections, with improvement in on average 58% of the patients (ER = 0.58, P = 0.65; 95%CI: 0.27-0.84, I 2 = 71.0%) ( Table 2 ). The number of studies describing effects on enterocolitis did not allow for assessment of confounding factors.
Complications and adverse effects
In the meta-analysis on complications and adverse events after administration BT injections as shown in Figure 2C , nine studies representing 187 patients were included. Meta-analytic aggregation of the effect sizes of all nine studies showed significant occurrence of complications or adverse events in on average 17% of the patients (ER = 0.17, P < 0.001; 95%CI: 0.10-0.29, I 2 = 52.1%) ( Table 2 ). The number of studies describing adverse effects of treatment with BT injections did not allow for assessment of confounding factors. Adverse events that were described in the studies were mild and included: (1) Transient soiling or incontinence in a total of 17 patients; (2) Anal pain in nine patients; and (3) Muscle fatigue of the lower extremities in two patients. In two other patients adverse effects were present but not described in detail.
Quality of evidence and risk of publication bias
Overall judgement of quality of included studies, as well as scores on each domain of the NOS are presented in Table 3 . All 14 studies were of poor quality, because of the observational uncontrolled study design. Funnel plot asymmetry as expressed by Eggers regression intercept was significant for findings on adverse effects (P = 0.01), but non-significant for other findings (P values ranged from 0.69 to 0.78). This indicates that there was a low risk op publication bias for findings on improvement of obstructive symptoms and enterocolitis. The latter observation was further supported by a significant positive correlation between sample size and ERs (t = 0.07, P = 0.01), suggesting there was a low risk of a publication bias. Fail safe n's ranged from 0 to 101, suggesting that only our findings on adverse effects were robust to the influence of publication bias. Results of the risk of bias analysis for every separate finding are presented in Table 2 . Main effects were not significantly altered by excluding studies that included both patients with internal sphincter achalasia and Hirschsprung disease.
DISCUSSION
Current evidence
This systematic review and meta-analysis aimed to provide a comprehensive overview of all empirical evidence on: (1) Effectiveness of treatment with BT injections for obstructive symptoms; (2) Effectiveness of treatment with BT injections for enterocolitis; and (3) Complications and adverse event after BT injections in patients that underwent surgery for Hirschsprung disease. Our findings indicate that BT injections improve obstructive symptoms in most patients (66%), although the proportion of patients that benefits is significantly higher within one month after administration (79%) compared to the proportion that still benefits after one month of follow-up or longer (46%). This underlines the transient effect of BT injections and explains that most patients will need multiple injections before satisfactory clinical improvement of obstructive symptoms is achieved. Our results further show that current evidence on whether BT injections are effective in reducing Hirschsprungassociated enterocolitis is inconclusive. Our analysis lacked the power to make a very specific point estimate of effectiveness, as shown by the broad CI ranging from effectiveness of 27% to 84%. BT injections were associated with adverse effects in on average 17% of patients, with adverse effects varying from transient incontinence to anal pain and muscle fatigue. Our results indicated that duration of improvement of obstructive symptoms was on average six months and that most patients need on average two to three injections. This in line with previous meta-analytic findings and with evidence on the effectiveness of BT injections in other patient groups, including chronic constipation, anal fissures and internal sphincter achalasia [4, 6, 23] . In addition, evidence from three studies (all included in our meta-analysis), indicated that short term response was predictive for long-term response, although studies used different cut-off points for defining short-and long term response [7] [8] [9] . Our analyses showed that differences between studies in the proportion of patients showing clinical improvement, could not be explained by differences in average dose and type of BT used or by patient characteristics. There was large heterogeneity between studies in the dosage administered, which suggests there is no current consensus on optimal dose. Dysport ® was on average administered in higher dosages than Botox ® . However, we could not test the unique contribution of dosage and type in multivariate analyses, because only ten studies described both type of BT as well as average dose used. We hypothesize that our findings do not reflect this difference in dosage, as neither type of BT nor average dose used correlated significantly to rates of clinical improvement in univariate analysis. Furthermore, our findings are in line with findings in patients with chronic anal fissures, in whom dose and type of BT were not predictive of clinical improvement [24, 25] . With regard to age at first BT injection, our findings indicated the age at which the BT injection was administered was not correlated to the proportion of patients showing clinical improvement, suggesting that BT injections can be used at all ages. The proportion of patients with an associated syndrome was not correlated to the effectiveness of BT injection in the treatment of obstructive symptoms, suggesting that our results were not over-or underestimated by patients with an associated syndrome. Moreover, the average amount of patients with an associated syndrome in our study was comparable to what we know from the general Hirschsprung population [26] .
Limitations of this study
Because of lack of power caused by the limited number of studies available, the small sample sizes and heterogeneity in outcome definitions, our meta-analysis could not assess the predictive value of a number of possible interesting predictors of treatment effectiveness, including length of aganglionosis (only six studies), type of reconstruction that was done, findings on anorectal manometry (three studies) and specific procedural aspects of BT injections. Individual studies included in this meta-analyses suggest that short-segment disease is associated with better responsiveness to BT injections than long-segment disease [14, 15] . Contrarily one study found no difference between short-segment and long-segment disease [16] . Three studies suggested that mean resting pressure decreases significantly after BT injections [11, 12, 14] , but the degree of decrease in pressure was not predictive for clinical improvement [12] . One study by Church further suggests that US-guided BT injections decreases the amount of injections necessary compared to identifying the internal anal sphincter by palpation, although US-guided BT injections were not associated with higher response rates [17] . The study by Church also suggested that BT injection in the external anal sphincter is associated with higher response rates compared to injections in the internal anal sphincter [17] . In the majority of studies included in our systematic review (8/14 studies) residual aganglionosis or a mechanical obstruction was excluded as a cause of obstruction by barium enema and rectal biopsy before BT was administered. The other six studies did not exclude patients with these causes of obstruction from the study, but did not specifically report the cause of obstruction in individual patients prior to BT injections. Therefore, we could not compare differences in effectiveness of BT injections between different reasons of obstructive symptoms.
Another limitation of our study is the large heterogeneity between studies in outcome definitions and procedural aspects, including the position of the patients (lithotomy vs lateral decubitus position) during BT injection, the amount of injections administered and the number of sites in which BT was injected. This shows the lack of a standardized approach for BT injections.
Quality of evidence and risk of publication bias
Quality of evidence on the effects of BT injections was poor in all studies because of the lack of the use of randomized and controlled designs. Two studies assessed a combined sample of both patients with internal sphincter achalasia and Hirschsprung disease. This could account for a selection bias, resulting in an overestimation of effects, although sensitivity analyses in which these two studies were excluded showed no significant alteration of main effects. It may be hypothesized that the effects of BT injections are larger in patients with internal sphincter achalasia, as in these patients the absent rectoanal inhibitory reflex is the only explanatory factor for obstruction. The present systematic review and meta-analysis also carries the risk of assessment bias due to large variety of outcome definitions used in the included studies. There is only a risk of publication bias for our findings on complications and adverse effects, but our findings were robust to this influence. For other findings no evidence for risk of publication bias was found.
Conclusions and future implications
In this systematic review and meta-analysis we found evidence for improvement of obstructive symptoms after BT injections in patients that underwent surgery for Hirschsprung disease, although this effect was often transient and most patients needed multiple injections. Future studies using a standardized procedural approach and outcome definitions would be useful to determine dose-response effects and identify optimal dosages. Furthermore, better insight in predictors of clinical response would optimize treatment. Future studies should also assess factors that predict improvement of obstructive symptoms and enterocolitis incidence after BT injection, including length of aganglionosis and functional parameters such as mean resting pressures of the anal canal.
Research objectives
The objective of this study was to give a comprehensive overview of all evidence on effectiveness of intra-sphincteric BT injections to treat obstructive symptoms and enterocolitis in patients after surgery for Hirschsprungs disease, and to summarize evidence on its adverse effects.
Research methods
A systematic review and meta-analysis according to the PRISMA Guidelines was conducted, searching PubMed, EMBASE, Web of Science and Cochrane library using simple and hierarchical entry terms including "botulinum toxin injections" and "Hirschsprungs disease". Predefined predictors of effectiveness that were analysed were age at injection, sex, associated syndromes, dosage and type of BT used.
Research results
Data of 14 studies representing 278 patients were analysed. BT injections were effective in treating obstructive symptoms in 66% of patients, ranging from 79% in the first month of followup to 46% in follow-up longer than month. This was regardless of age at injection, sex, associated syndromes, dosage and type of BT used. Enterocolitis incidence was reduced in 57%, but the meta-analysis lacked power to draw conclusions. Mild adverse effects were present in 17%, which mainly consisted of temporary faecal incontinence or anal pain.
Research conclusions
Our systematic review and meta-analysis shows that BT injections effectively treat obstructive symptoms in patients after surgery for Hirschsprungs disease, regardless of age at injection, sex, associated syndromes, dosage and type of BT used. Furthermore, the data suggests that BT injections are associated with mild adverse effects. Evidence on effectiveness of BT injections in treating enterocolitis is limited and lacked power to draw conclusions. Our findings show that BT injections are a useful treatment modality in clinical practice.
Research perspectives
Future studies should further elucidate what factors predict good response to BT injections and subsequently if we can predict which patients can and cannot benefit from BT injections.
